Poly-ADP-ribose polymerase (PARP) and p53 are both induced by DNA damage and each has been proposed to mediate the normal cellular response to damage. We ®nd that embryo ®broblasts from PARP-null mice have a *twofold lower basal level of p53 and that the induction of p53 in response to DNA damage or nucleotide depletion is more than twofold less than in normal mouse cells. These factors combine to decrease the induced level of the p53 protein in PARP-de®cient cells by 4 ± 5-fold, compared to normal cells. However, there is virtually no decrease in the induction of p53 activity in PARP-de®cient cells, as assayed with a p53-responsive promoter. Furthermore, cells lacking PARP arrest normally in G 1 after DNA damage, in contrast to cells lacking p53, where this checkpoint is absent. Other p53-dependent properties, such as the mitotic spindle checkpoint and permissivity for gene ampli®cation, are also normal in PARP-de®cient cells. We conclude that the induced level of the p53 protein is governed by a combination of PARP-dependent and PARP-independent pathways and that the activation of p53 is largely PARP-independent. The results are consistent with a model in which the regulation of gene expression by p53 involves both increases in the amount of the protein and activation of p53 as a transcription factor.
Introduction
The addition of poly-ADP-ribose to nuclear proteins is stimulated greatly in mammalian cells in response to environmental stress (Berger, 1985; Juarez-Salinas et al., 1979) . PARP is a multifunctional, highly conserved enzyme which binds tightly to breaks in DNA. It associates with chromatin and catalyzes the transfer of ADP-ribose units from NAD+ to protein-bound poly-ADP-ribose (de Murcia et al., 1991) . Poly-ADPribosylation is thought to be involved in several biological processes and a critical role for PARP in DNA repair has been predicted (Molinete et al., 1993; Satoh and Lindahl, 1992; Durkacz et al., 1980; Ding et al., 1992; Benjamin and Gill, 1980) . Trans-dominant inhibition of PARP sensitizes cells to DNA damaging agents, aecting cell survival, apoptosis, cell cycle arrest and genomic stability (KuÈ pper et al., 1995; Schreiber et al., 1995) . Roles for PARP in chromatin organization (Ding and Smulson, 1994) , neoplastic transformation (Strain, 1985) and tumorigenesis (Tseng et al., 1987) have also been proposed.
p53, a tumor suppressor phosphoprotein, is also induced in response to DNA damage (Kastan et al., 1991) and functions as a negative regulator of cell-cycle progression, especially at the G 1 checkpoint, which is activated in response to DNA damage (Kuerbitz et al., 1992) . p53 also regulates th G 2 /M transition (Stewart et al., 1995; Agarwal et al., 1995) . p53 is induced in response to inhibitors of DNA or RNA synthesis (Linke et al., 1996; Khanna and Lavin, 1993) and is important in preventing entry into mitosis when DNA synthesis is blocked (WRT, MLA, AA and GRS, manuscript submitted). In some cell types, increased levels of p53 may lead to apoptosis (Lowe et al., 1993b; Yonish-Rouach et al., 1991b) . The role of p53 in regulating genomic stability, as shown by suppression of CAD gene ampli®cation, is well established (Ishizaka et al., 1995; Livingstone et al., 1992; Yin et al., 1992) . Other studies show the involvement of p53 in DNA repair and cell survival (Ford and Hanawalt, 1995) . p53 has also been implicated in a spindle checkpoint control since, in its absence, mouse embryo ®broblasts (MEFs) undergo multiple rounds of DNA synthesis without completing chromosome segregation, thus leading to tetraploid and octaploid cells (Cross et al., 1995) . p53 also has a role in maintaining centrosome integrity (Fukasawa et al., 1996) .
The level of p53 was reduced in V79 Chinese hamster cells defective in PARP when these cells were treated with DNA damaging agents, and the cells did not undergo apoptosis, compared to wild-type controls (Whitacre et al., 1995) . However, there was no signi®cant dierence in DNA repair or DNA damageinduced apoptosis in cells derived from PARP-de®cient mice (Wang et al., 1995) . Since both p53 and PARP are expressed at a higher level in response to DNA strand breaks and are believed to be involved in related events, we investigated the role of PARP in p53-regulated processes by using MEFs from mice lacking PARP or p53. We ®nd a substantial defect in the level and induction of p53 protein and only a very small eect on its ability to activate transcription in PARP-de®cient cells following DNA damage or nucleotide starvation. Moreover, p53-regulated properties such as the G 1 cell cycle and spindle checkpoints and genomic stability, are intact in cells lacking PARP. These observations provide a role for PARP in inducing but not activating p53 in response to DNA damage and indicate that these responses are likely to be complex.
Results

Reduced induction of p53 in PARP-de®cient MEFs
Cells were treated with g-radiation, adriamycin, or N-(phosphonacetyl)-L-aspartate (PALA), an inhibitor of UMP synthesis and p53 protein levels determined by Western blotting. All three agents induced the p53 protein in normal MEFs (Figure 1a ). However, the basal level of p53 in PARP-de®cient cells was about half the level in normal cells, and the induction of p53 following DNA damage or nucleotide depletion was more than twofold lower in PARP-de®cient cells. Similar results were obtained in two repeats of this experiment (data not shown). Combining the two eects, the induced level of p53 protein in PARP-de®cient cells is 4 ± 5-fold lower than in normal cells. A time course (Figure 1b) shows that p53 was induced by adriamycin between 5 and 15 h in normal cells. PARP-de®cient cells show reduced induction at all times examined and no PALA-resistant colonies were observed.
Transcriptional activity of p53 in PARP-de®cient MEFs
To determine whether the induced p53 protein is transcriptionally active, we used the p53-responsive luciferase reporter p53ConA.luc (Funk et al., 1992) and measured the expression of luciferase in response to DNA damage or nucleotide depletion after transient transfection. There was a basal level of luciferase expression in normal MEFs and none in p53-de®cient MEFs (Table 1) . Treatment of normal MEFs with gradiation, adriamycin or PALA induced the expression of luciferase by several fold. There was only a small decrease (*10%) in luciferase expression in PARP-null cells (Table 1) .
Since there was only a very small eect of the lack of PARP on the transcriptional induction of p53ConA.luc, we measured the activity of p21/waf1, an endogenous transcriptional target of p53. Both normal and PARP-de®cient MEFs had similar basal levels of p21, and the induction of p21 was comparable after 24 h of treatment with adriamycin. However, the induction was somewhat slower in cells lacking PARP (Figure 2 ).
The p53-dependent G 1 checkpoint function in PARP-de®cient cells
Using MEFs from normal and p53-null mice it has been shown that p53 regulates a G 1 checkpoint in response to DNA damage. Since p53 induction is defective in PARP-de®cient MEFs, we investigated whether this G 1 checkpoint was also aected. Earlypassage MEFs were g-irradiated or treated with adriamycin and, after 24 h, the cell cycle distributions Cells transiently transfected with p53ConA.luc were treated with g-radiation (5 Gy), adriamycin (200 ng/ml) or PALA (50 mM). After 24 h, the level of luciferase activity in cell lysates was determined. For normalization, a plasmid expressing the lacZ gene was cotransfected with P53ConA.luc and the same lysates were assayed for b-galactosidase activity. The numbers in parentheses show the luciferase levels relative to the value for untreated wild-type cells were determined (Figure 3a ). In agreement with earlier work (Deng et al., 1995; Lowe et al., 1993; , we found no reduction in the fraction of cells in S-phase in g-irradiated, p53-de®cient cells. However, as previously described, normal MEFs showed a substantial reduction in the S-phase fraction following g-irradiation (Deng et al., 1995; Lowe et al., 1993) , with an increase of more than twofold in the G 1 / S ratio (Figure 3b) . In normal MEFs, adriamycin treatment led to arrest in G 1 and G 2 , in contrast to p53-de®cient cells, which arrested almost exclusively in G 2 , presumably due to inhibition of topoisomerase II by adriamycin (Downes et al., 1994) . MEFs from PARP-null mice had a cell-cycle distribution virtually identical to that of normal MEFs after treatment, revealing that their G 1 checkpoint control is normal (Figure 3 ). Many p53-null cells arrested in G 2 by adriamycin, re-entered S-phase and became octaploid (Figure 3 ). This phenomenon has been shown due to loss of a p53-dependent spindle checkpoint (Cross et al., 1995) . MEFs from PARP-null mice were similar to normal MEFs, which arrest tightly in G 1 and G 2 after PARP-null MEFs do not give rise to PALA-resistant colonies p53 regulates genomic stability, as revealed by the inability to select PALA-resistant colonies of normal cells (Livingstone et al., 1992; Yin et al., 1992; Tlsty, 1990; Wright et al., 1990) . Since the induction of p53 protein is reduced in PARP-null MEFs after treatment with PALA (Figure 1) , we tested their ability to give rise to PALA-resistant colonies. A total of *8610 6 MEFs each from PARP-null or p53-null mice were treated with PALA (36LD 50 ) in four 10 cm dishes. The p53-null cells began to die within the ®rst week of treatment and, after 3 ± 4 weeks, PALA-resistant colonies were observed at a frequency of 4.7610
74
. In contrast, the normal MEFs arrested stably when treated with PALA and remained on the plates for several weeks. No PALA-resistant colonies were observed. After 4 weeks in PALA, the number of PARP-null MEFs remaining on the plates was about half the number of normal MEFs, very dierent from the result with p53-null cells.
Survival of PARP
7/7 and p53 7/7 MEFs following DNA damage
To assess the roles of p53 and PARP in the ability of MEFs to survive DNA damage, the corresponding normal or null cells were treated with g-radiation or adriamycin. One thousand cells each were then plated for colony formation and the number of colonies was determined after 8 ± 10 days (Figure 4) . The survival of all three cell types was dose-dependent and virtually identical, suggesting that long-term survival of MEFs following DNA damage is largely independent of either p53 or PARP.
Discussion
The activities of both PARP and p53 increase in response to genotoxic stimuli. p53 mediates cell cycle arrest or apoptosis in response to DNA damage (Lowe et al., 1993a; Di Leonardo et al., 1994; Kastan et al., 1991) , while PARP is well known as a sensor for DNA damage and a direct role in DNA repair has been suggested (de Murcia et al., 1994; Molinete et al., 1993; Satoh et al., 1993; Satoh and Lindahl, 1992; Durkacz et al., 1980) . Chinese hamster cell lines defective in PARP have reduced p53 activity and fail to undergo apoptosis in response to DNA damage (Whitacre et al., 1995) . However, there was no dierence in apoptotic cell death when hematopoetic cells of normal mice were compared with those of PARP-null mice (Wang et al., 1995) . Treatment of HeLa cells constitutively expressing a dominant-negative mutant of PARP with the DNA damaging agent MNNG led to an increase in doubling time, accumulation in G 2 /M and a marked reduction in cell survival compared to untransfected controls (Schreiber et al., 1995) . However, observations based on PARP-null MEFs show no obvious defect in the DNA repair capacity of these cells (Wang et al., 1995) . In this report we ®nd that, despite substantially reduced levels of p53 protein, PARP-de®cient cells accumulate normally in G 1 and show no dierence in cell survival in response to DNA damage when compared to wild-type cells. We also ®nd no eect of the reduced level of p53 in PARP-null cells on spindle checkpoint control (Cross et al., 1995) . p53 can also be induced by treating cells with PALA (references Linke et al., 1996; Nelson and Kastan, 1994; this report) , an inhibitor of de novo pyrimidine nucleotide synthesis. The observation that induction of p53 protein was substantially reduced in PARPde®cient cells after PALA treatment is novel since PARP is considered a DNA damage sensor and PALA treatment is not believed to cause strand breaks in normal cells (Chernova et al., 1995; Di Leonardo et al., 1994) . Therefore, PARP is also involved in recognizing signals generated when DNA synthesis is arrested by nucleotide starvation. Furthermore, PALA-treated p53-null cells fail to arrest and die unless they amplify CAD, the target of PALA, whereas normal cells can survive several weeks of exposure to PALA (Chernova et al., 1995; Livingstone et al., 1992) . These observations suggest a signaling network converging on p53, initiated by a variety of cellular signals including starvation for DNA precursors and DNA damage. In a recent report, it was shown that trans-dominant inhibition of PARP potentiates genetic instability in Chinese hamster cells (KuÈ pper et al., 1996) . However, in the present study there was no evidence of genomic instability, measured by failure to form PALA-resistant colonies in PARP-de®cient cells.
The observations presented here and those published earlier show that, despite a major reduction in p53 protein in PARP-null cells, events downstream of p53 occur normally (Wang et al., 1995) . This situation can be explained by a model (Figure 5 ) in which regulation through p53 requires two distinct steps. Various stimuli induce a dramatic increase in the level of p53 protein, due primarily to an increase in its half-life (Kastan et al., 1991; Matlzman and Czyzyk, 1984) . Recent evidence suggests that p53 is degraded by a ubiquitinmediated proteolytic pathway (Chowdary et al., 1994) . p53 protein levels may also be regulated at the translational level through negative autoregulation, although this mechanism has only been shown to apply to induction of p53 when G 0 -arrested cells are stimulated with serum and not yet in response to DNA damage (Mosner et al., 1995) .
Stimulation of transcriptional activation by p53 involves phosphorylation of the protein (Takenaka et al., 1995; Milne et al., 1994; Meek et al., 1990) . Lane and coworkers found that most of the p53 in untreated cells is unable to bind to DNA and that the DNAbinding activity can be greatly stimulated by phosphorylation of the C-terminal region of the protein (Hupp et al., 1992 (Hupp et al., , 1995 . u.v. radiation stimulates phosphorylation of p53 by means of a u.v.-induced kinase which resembles JNK1 (Milne et al., 1995) . Although the induced level of p53 protein is reduced substantially in PARP-de®cient cells, the activity is hardly aected at all. We propose that PARPdependent signaling in¯uences the degradation, or possibly the rate of translation of p53 in response to DNA damage or nucleotide starvation. However, PARP appears not to be involved in the activation of p53, thus accounting for the normal induction of downstream genes and normal cellular function in PARP-de®cient cells.
Materials and methods
Cells and culture conditions
MEFs were obtained from PARP +/+ and PARP 7/7 mice (Wang et al., 1995) . p53 7/7 MEFs were a kind gift of Dr Lawrence Donehower, Dallas Medical Center. All experiments were performed with MEFs at passage 3 or less. Cells were grown in 10% CO 2 in Dulbecco's modi®ed Eagle's medium, supplemented with 10% fetal bovine serum.
Plasmids, p53-driven reporter constructs and transfections
The plasmid p53ConA.luc (pGUP.PA.8, obtained from Dr Jerry Shay, Southwestern Medical Center, Dallas) has two p53-responsive elements, the 20-nt consensus sequence (con) of Funk et al. (1992) and fragment A (Kern et al., 1991) upstream of a heat-shock protein basal promoter and the luciferase gene. To measure p53-mediated induction of luciferase activity, p53ConA.luc DNA was transfected into cells transiently and after 24 h, the activity was measured by using the Promega assay system.
Western analysis
p53 protein levels were determined by immunoblotting as previously described . Brie¯y, total cellular protein was isolated by lysing the cells in 20 mM Tris.HC1, pH 7.5, 2% (wt/vol) SDS, 2 mM benzamidine, Figure 5 A model for increased P53 transcriptional activity by a combination of stabilization and posttranslational activation. The phenotypes of PARP 7/7 MEFs (normal cell cycle control and genomic stability) are explained in terms of a two-component mechanism of P53 activation in response to DNA damage or arrest of DNA synthesis. Elevation of the level of P53 due to stimulusdependent stabilization is partially dependent on PARP. However, PARP does not seem to be required for the post-translational activation of P53 0.2 mM phenylmethanesulfonyl¯uoride. Protein concentrations were determined by the Bradford method (Biorad). Equal amounts of protein (25 mg) were separated by SDS ± 10% PAGE and electroblotted to polyvinylidenedi¯uoride membranes (Stratagene; Harlow and Lane, 1988) . The membranes were probed with the monoclonal antibody PAb240 (Oncogene), directed against p53 and C19 (Santa Cruz) for p21.waf1. Bound antibody was detected by enhanced chemiluminescence (Amersham).
Cell cycle analysis
Trypsinized cells were analysed for DNA content by use of the FACScan (Becton Dickinson) after staining with propidium iodide, using a Cycletest kit (Becton Dickinson). Cell-cycle distribution was determined using Cell Fit Software (HP340 Series 9000 Workstation). Dead cells were gated out by using pulse processing.
PALA selections
PALA, an inhibitor of the aspartate transcarbamylase activity of the multifunctional CAD enzyme which initiates de novo pyrimidine nucleotide synthesis, was obtained from the Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, Division of Cancer Treatment, National Cancer Institute, Bethesda, Maryland. All selections were done in the presence of 10% (vol/vol) dialyzed fetal calf serum (Perry et al., 1992) . The ID 50 was determined for each cell strain (Perry et al., 1992) . About 2610 5 cells were seeded per 100-mm plate and subsequently a 36ID 50 dose of PALA was added. The selective medium was changed every 4 ± 5 days, until colonies of 100 ± 200 cells were observed, typically in 3 ± 4 weeks.
Cell survival assays
Growing cells were treated with increasing doses of gradiation, delivered by a 137 Cs g-irradiator at approximately 2 Gy/min, or the cells were treated with adriamycin at 378C. The cells were then washed with PBS, trypsinized and counted. One thousand cells from each treatment were plated onto a 100-mm dish. Colonies with 30 or more cells were counted after staining with methylene blue.
